Abstract: There are two widely used methods for estimating Probable Maximum Precipitation (PMP), namely, the hydro-meteorological and statistical techniques which are characteristic of the deterministic and probabilistic approaches respectively. International research shows substantial differences in the results obtained by these methods. The present study uses data from several agro-ecological regions of Sri Lanka to estimate 24-hour point PMP. The statistical method is applied in three different ways; with equal sample size, increasing sample size and a continuous data set. Results show that the differences are less than 10%, thus demonstrating consistency and dependability of the method. When compared with the hydrometeorological method, both approaches yield results which are in close agreement at several stations. The wind and moisture maximization factors play a crucial part in the hydrometeorological procedure. Also considering the ease of analysis, the study strongly suggests the statistical method as efficient and appropriate for estimating PMP in design office practice and for developing PMP maps for Sri Lanka. Aspects needing further investigation are also mentioned.
Introduction
Sri Lanka is susceptible to extreme rainfall and floods due to weather patterns associated with the country's geographical location. One of the worst flood disasters due to extreme rainfall was the flood of May 2003 which severely affected the Ratnapura and Kalutara districts and some areas of the Southern Province. Another devastating flood, which caused serious damages to many irrigation schemes and infrastructure, was the flood of December 1957 in the North Central Province.
Extreme rainfalls can be obtained from meteorological records. Analysis of such rainfall data is vital in the context of public safety. The estimation of extreme values continues to be a challenge in hydrologic design. The concept of Probable Maximum Precipitation (PMP) is an attempt made to face this challenge.
PMP is defined as "the theoretically greatest depth of precipitation for a given duration that is physically possible over a particular drainage area at a particular time of year" (WMO [4] ).
PMP estimates play a crucial role as essential input data for determining the Probable Maximum Flood (PMF) in the design of spillways of major dams. It is obvious that overestimation of PMP would result in added expenditure while underestimation could result in catastrophic failure. (Bureau of Meteorology Australia [2] )
The main objective of this paper is to estimate 24-hour, point PMP by using deterministic and probabilistic approaches for selected meteorological stations of Sri Lanka. Researchers have highlighted a major issue and that is, the two approaches give results which vary substantially. An attempt is also made to investigate the possible causes for the discrepancies.
Background
Apart from a few stability failures all other significant events related to major dams have been associated with the overtopping of bunds. The major floods of December 1957 caused catastrophic devastation, where 35 major irrigation reservoirs and some 1300 village irrigation systems were seriously damaged (Arumugam [1] 
Literature ReviewInternational Scenario
The use of the statistical method developed by Hershfield [12, 13] and applied in different countries is summarized as follows.
• Desa and Rakhecha [8] have estimated 24-h point PMP in Malaysia. The frequency factor that is commonly used is between 6.0 and 7.5.
• Rezacova et. al. [17] have estimated the point and area PMP for 1 to 5 days in the Czech Republic. The frequency factors were thought to be high and hence a modified method was developed using a statistical model.
• Recent studies done by Koutsoyiannis [14] have demonstrated this method as a reliable tool in hydrologic design.
• Dhar et. al. [7] and Rakhecha and Soman [16] did a study to determine PMP for 1 and 2 day durations in India. They developed functional relationships between the frequency factor and the mean.
• Riddell [18] 
Study Area and Data
Six meteorological stations covering several agro-ecological zones were selected for the analysis (Table 1) . For all stations, daily rainfall data were available from 1895-2005, but only continuous record lengths were chosen for the analysis. The data were initially checked for consistency and were found to be acceptable.
Methodology
Various methods to estimate PMP are cited in the literature as follows; ( This paper focuses only on two widely used methods; the deterministic approach which is the hydrometeorological method and the statistical approach. 
Statistical method
Hershfield' s statistical method is based on the generalized frequency equation, where 5c 1 is the rainfall for return period t in years, x and Sn are the mean and the standard deviation of a series of n annual rainfall maxima of a given duration, and K is the frequency factor. If PMP is substituted for X, and Km for K where Km is the highest value of K to yield PMP, then the equation becomes,
(1)
Hydrometeorological method
The goal of the hydrometeorological method, which is recommended by the World Meteorological Organization is to increase the available rainfall data to get maximum possible moisture either II in-situ" or by II transposition". If there are inadequate records of rainfall within the area, then it is possible to transpose storms from other meteorologically homogenous areas to the project area. However, in Sri Lanka, an extensive rainfall network has been maintained and hence this study is limited to in-situ maximization .
The statistical method was applied on annual maximum daily rainfall series for each of the six stations in three different ways.
• Equal sample size -SO-year sample size
• Increasing sample size -10, 15, 20, 30, 50, 100 (if available)
• A continuous data set -As shown in Table 1 Most rainfall observations are made using nonrecording gauges, so that the rainfall during a fixed interval is less than the value during the true interval. Weiss [19] showed that the conversion factor of true amount to observational amount for any time interval of same length to be 1.143 and hence the PMP is adjusted accordingly. In-situ maximization can be done in two ways; namely by incorporating moisture maximization and wind maximization. In many international studies it can be seen that moisture maximization alone is used to adjust the rainfall data. But wind maximization can also be used in non-orographic regions, when moisture maximization gives inadequate or unrealistic results.
(WMO [4])
The moisture maximization factor (MMF) is the ratio of the maximum precipitable water (Wm) to the precipitable water for the storm (Ws) where the precipitable water can be used to express the moisture charge.
Precipitable water can be calculated by the summation from sea level to an elevation of 12,200m (200mb pressure) by assuming that dew point in an air column changes with the altitude having a pseudo-adiabatic lapse rate. In general, the moisture availability above the elevation 12200m is very little and hence not considered. Due to the seasonal monsoon variation the maximum 24-hour persisting dew point is selected by considering only the respective month in which the storm has occurred .
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The introduction of an unusually large event, which is called an outlier, may have an effect on the mean and standard deviation of the annual series. Therefore, to compensate for outliers, it is necessary to calculate a ratio of means and standard deviations where the numerator does not include the maximum observed event while the denominator includes all values. Hershfield [12] found that a SO-year record could be used as a reference standard to adjust other short records.
Records from 2645 stations of 24-hour rainfall were considered to compute Km and it was found that the maximum observed value of K m was 15. (Hershfield [12] ) Hence, to estimate PMP, Km =15 can be substituted in (2) . Later, Hershfield [13] considered rainfall durations shorter than 24-hours and constructed a nomograph, which indicates that Km varies between 5 and 20.
PMP = P obs x (MMF) x (WMF)
Anuradhapura · ································ (4)
where P 0 bs is the highest observed storm rainfall for a particular duration (24 hours), and PMP corresponds to the same duration.
In the absence of 24-h rainfall, the PMP can be computed by using the highest observed daily rainfall and the Weiss factor as mentioned under the statistical method.
Analysis

Statistical method a) Increasing sample size
In this method the statistical procedure was used to estimate PMP with sample sizes of 10, 15, 20, 30, 50 and 100 (if available). This enables an increasing maximum rainfall value to be incorporated into the analysis. (Figure 1) 
Galle
The wind maximization factor (WMF) is the ratio of the maximum daily wind run for the critical direction (Fm) to the observed daily wind run for the same direction (Fs) in the storm being maximized. Therefore, In Sri Lanka, considering the wind climate, both wind direction and wind speed are largely characterized by the monsoon system. [Fernando, 11] Hence selecting the critical direction plays a vital role in deriving the wind maximization ratio. In addition, to determine the maximum wind speed, a long record of wind observations is necessary. Both maximization factors are used to calculate PMP as follows; 
I
All stations show a convergence (upward or downward) of PMP with increasing sample size. Convergence patterns can change abruptly due to the occurrence of extreme rainfall. Standard deviation has a major influence on the estimated PMP. It can be clearly seen that a stable or steady value for PMP begins to emerge when the sample size is 30 or more. Thus PMP estimates with 50 year and 100 year samples show a close degree of agreement.
b) Equal sample size
Secondly, all data were divided into equal sample sizes of 50 years. Hershfield [12] used a SO-year record to adjust other short records. For each station five samples were analysed. In this case too the maximum rainfall changes, thus changing the PMP estimate. The lowest and highest values of PMP for each station, considering five 50-year samples are shown in Figure 2 and described in Section 7.
c) A continuous record
The results of the analysis using continuous records are shown in Figure 2 and Table 3. 6.2 Hydrometeorological method Table 2 shows the results of 24-h point PMP calculated by using the hydrometeorological method. The moisture maximization factor is in the range of 1.25 to 1.75, which is compatible with the literature cited. The wind maximization factor is in the order of 1.8 at four out of the six stations.
In the absence of 24-h rainfall, the Weiss factor was used to estimate PMP. Figure 2 shows the lowest and highest values of PMP considering five equal sized (50 years) samples and the PMP estimated using a continuous length of record, all based on the statistical method. These are compared with the hydrometeorological estimate of PMP.
Results and Discussion
In statistical analysis, the results of all three methods show that the differences are less than 10% and thus clearly demonstrate the consistency of the statistical method.
It can be easily seen that there is a remarkable degree of agreement between the results of all stations except at Kurunegala. The low PMP at Kurunegala when using the hydrometeorological method is due to the lack of a wind record. It was seen that wind and moisture maximization factors have an important role to play in explaining the differences between the results given by the two methods.
The research done thus far indicates that the statistical estimate of PMP is about 2.0 -3.0 times the maximum observed daily rainfall, given a fairly long period of record. (Table 3) The frequency factor, K lies between 13.0 and 15.0 at all stations, which is acceptable. 
Conclusions
It is certainly noteworthy to mention that both the statistical and hydrometeorological methods yield results which are in close agreement at all stations except at Kurunegala, where storm maximization incorporates moisture maximization, wind maximization and the true 24hour rainfall.
The study strongly suggests that the statistical method for estimating PMP is a dependable and efficient method in the context of design office practice and for developing PMP maps for Sri Lanka. It is seen that a steady and stable value of PMP begins to emerge as the sample size becomes 30 or more years. Since the method can be easily applied, it is a powerful and versatile technique for estimation of PMP. It is suggested that the statistical method should be used in conjunction with the other methods. A preliminary estimate of 24 hour point PMP could be in the order of 2.0 -3.0 times the maximum observed daily rainfall. This aspect needs further investigation.
In the context of hydrologic design, the work presented is greatly relevant in areas such as dam safety studies and developing the much needed PMP maps for. Sri Lanka. Further investigations are needed to study the effect of the wind maximization factor on PMP. With the ever growing concern of climatic change, the methods of PMP estimation may also require modifications in the future.
